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Small-angle neutron scattering has been used to study the effect of 
temperature and pressure on the phase behaviour of semidilute 
solutions of polymers dissolved in organic and supercritical solvents. 
Above the theta temperature (To), these systems exhibit a “good 
solvent” domain, where the molecules expand beyond the 
unperturbed dimensions in both organic solvents and in COZ. 
However, this transition can be made to occur at a critical “theta 
pressure” (PO) in CO2 and this represents a new concept in the 
physics of polymer-solvent systems. For T < To, and P < Po, the 
system enters the “poor solvent” domain where diverging 
concentration fIuctuations prevent the chains from collapsing and 
allow them to maintain their unperturbed dimensions. 

1. Introduction 
In organic solvents, it is well known that the radius of gyration, $ 
(i.e. the r.m.s. distance of scattering elements from the center of 
gravity) of polymer chains depends on the sign and magnitude of the 
interactions between the chain segments and the molecules of the 
surrounding liquid. In “good” solvents, the dominating repulsive 
forces between the segments (excluded volume effects) work to 
expand the $, and the second virial coefficient (AZ) is positive. In 
less favorable solvents, the pairwise attractive and repulsive segment 
interactions may compensate at the “theta temperature” (To), where 
A2 = 0, and Rs corresponds to the dimension of a volume-less 
polymer coils, “unperturbed” by the excluded volume effects. One 
of the first applications of SANS was to confirm Flory’s prediction 
that polymer chains would adopt such random-walk configurations in 
the amorphous state. By definition, To is the critical solution 
temperature (Tc) for a polymer with the molecular weight Mw = 03 
and thus corresponds to the threshold of unliited polymer-solvent 
miscibility. In the poor solvent regime (T < To , AZ < 0), attractive 
interactions between the segments work to collapse polymer chains 
into compact polymer globules. This phenomenon is well understood 
for dilute solutions of widely separated polymer chains, which 
collapse as T =+ Tc (Chu, Ying and Grosberg, 1995). SANS has 
recently been used to extend the experimental observations to 
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semidilute solutions of strongly interacting macromolecules. 
According to the de Gennes’ concept, in the critical region (T - Tc), 
the chains do not interpenetrate significantly and thus should be 
collapsed [i.e. R&T=) < R&To)] as in dilute concentration regime. 
However, experiments on PS in cyclohexane (CH) and acetone (AC) 
have demonstrated that the predicted decrease in $ is not observed. 
Instead, diverging concentration fluctuations near Tc lead to the 
formation of distinct microdomains of strongly interpenetrating 
molecules, which prevents the expected collapse (Mehtichenko et al., 
‘1997, 1998). Measurements have also been made in supercritical 
fluids to test the prediction of Kiran and Sen (1993), that the 
molecules will adopt the unperturbed dimensions at a critical “theta 
pressure” (PO) as they do in polymer solutions at the theta 
temperature and to explore the similarity and differences between the 
structure and thermodynamic properties of polymers in SCFs and in 
sub-critical organic liquids. 

2. Experimental 
The SANS data were collected on the 30m SANS facility (Koehler, 
1986) at Oak Ridge National Laboratory. The wavelength was h = 
4.75 A (ti - 5%) and the 64 x 64 cm2 area detector with cell size 
- 1 cm2 was placed at sample-detector distances of 12m and 5m to 
give an overall range of momentum transfer of 0.005 < Q = 4xh 
‘sint3 C 0.1 A-‘, where 20 is the angle of scattering. The data were 
corrected for instrumental backgrounds and detector efftciency on a 
cell-by-cell basis, prior to radial (azimuthal) averaging and the net 
intensities were converted to an absolute (& 3%) differential 
scattering cross section per unit solid angle, per unit sample volume 
[dC(Q)/dn in units of cm*‘] by comparison with precalibrated 
secondary standards (Wignall and Bates, 1986). The experiments in 
supercritical CO2 were conducted in a cell similar to the one used 
previously for polymer synthesis and SANS studies of block 
copolymer amphiphiles in supercritical CO2 (McClain et al., 1996). 
The cell was fitted with sapphire windows which caused virtually no 
attenuation of the neutron beam (cell transmission - 93%) or 
parasitic scattering. The signal from the CO2 amounted to a virtuall) 
flat background (- 0.04 cm“), which formed only a minor correction 
to the scattering from the homopolymer solutions. 

High concentration isotope labeling methods pilliams (1979). 
Akcasu (1980), King ( 1985) and co-workers] were used to obtain the 
Pg of the polymer molecules and the correlation length (5) of the 
concentration fluctuations. The coherent scattering cross section 
[dC(Q)ldn] of an incompressible mixture of identical,protonated and 
deuterated polymer chains dissolved in a solvent is given by: 

~(Q,T,x>/dn=ZstQ,T,x>+Zt(Q,T,x) , (1) 

dCs(Q,T,x)/dS2= KnN2Ss(Q,T, , (2) 

dZt(Q,T,x)ldn = LnN2St(Q,T) , (3) 

where the subscripts “s” and “t” correspond to scattering from a 
single chain and total scattering, x is the mole fraction of protonated 
chains and n and N are the number density and degrees of 
polymerization. S,(Q) is the single-chain structure factor, containing 
information on the intramolecular Rg, and the total scattering 
structure factor, S&J embodies both intra- and intermolecular 
correlations between segments. The structure factors are normalized 



. so that S, = 1 at (Q = 0) and S, = S, at infinite dilution. The prefactors 
K an&L are: f 

4 K = (bx-bd’x(1 -x); L =/&x+(1-x)bD-bJ2 , (4) 

where bH and bD are the scattering lengths of the H’- and D2-labeled 
segments and b, ’ is the scattering length of a solvent molecule, 

normalized to the same specific volume. 
The prefactor, L, in equation (4) controls the ‘Yotal” scattering 

contribution and it has been shown (Melnichenko et al., 1997) that 
for isotopic polystyrene (I’S) mixtures dissolved in deuterated 
acetone (AC-d), L = 0 at x = 0.214. Similarly for PDMS in C02, an 
isotopic ratio of x = OS!2 gives L = 0 at a solvent density of 
pco2=0.95 g/cm3. Thus, the intramolecular scattering function may 
be obtained directly Tom the measured cross section at all 
temperatures using the Debye formfactor for Gaussian chains: 

S;(Q)=(2iy2)(y-l+e-Y) , y=Q2R; . (5) 

For PS in CH-d, however, there is no isotopic ratio, 0 (X <l, which 
satisfies the condition L(x) = 0, and dXlm always contains a minor 
(-10%) contribution from the total (intermolecular) scattering, which 
must be subtracted to extract $. If all chains are all protonated 
(x=1), the prefactor, K = 0, and dE/m - S,(Q). Thus, the size of the 
concentretion fluctuations may be measured via the Omstein-Zernike 
(O-Z) formalism: 

S (Q 7’)=,S(Q=O>/(l+Q2{2) 
t ’ , (6) 

where 5 may be obtained from the slope of an O-Z plot of 

dX(Qydn]-’ vs. Q’. 

Polymer samples of PS-h standards (M~5700,‘533000) and PSd 
standards (Mw= 10500,520,000) of polydispersity generally M&MN 
5 1,06 were obtained from Polymer Laboratories, USA and used to 
prepare solutions at the critical concentration of the polymer. 
Samples of protonated polydimethylsiloxane (PDMS-h) with Mv, = 
22,500 (Mw/M,, I 1.03) and PDMS-d (Mw = 27,600, M& < 1.11) 
were synthesized and characterized at the Max Planck Institut ftkr 
Polymer Forschung, Germany. The PDMS - SC COZ solutions were 
prepared at the overlap concentration which is close to the critical 
concentration of phase demixing (de Gennes, 1979). The 
deuterosubstituted solvents (CH-d, AC-d with D/(H+D)=O.O995 were 
obtained t?om Sigma Chemical and dried over a molecular sieve 
prior to preparing solutions. The CO* (SFC purity 99.99 %) was 
obtained Tom Ma&son Gas Products, Inc. Samples were either run 
at atmospheric pressure in quartz cells as a function of temperature 
(e.g. PS-h in CH-d or in AC-d) or were loaded into the pressure cell 
with the appropriate isotopic ratio to eliminate (X = 0.5 12 for PDMS 
in CO*) or minimize (e.g. x = 0.2 for PS-h in CH-d) the contribution 
of the total scattering term in equation (1). The temperature was 
controlled by circulating fluids (* 0.1 K) and pressure was applied 
using a screw-type pressure generator. 

3. Results and discussion 
Fig. 1 shows the temperature variation of $ for PS in CH-d at the 

critical concentration and it may be seen that the chains do not 
collapse as T j Tc, as observed in dilute solutions. Instead, they 
maintain their unperturbed dimensions in accordance with the 
theoretical predictions of Muthukumar (1986) and Raos and Alegra 
(1996). The size of the concentration fluctuations is small in the O- 
region, but increases dramatically near the critical point where it 
exceeds the chain dimensions [{ >> $(Te)]. These findings indicate 
that critical polymer solutions can not be considered as an ensemble 
of collapsed, non-interpenetrating chains, as was suggested by de 
Gennes, 1979. Instead, the diverging thermodynamic fluctuations in 
the critical region lead to the formation of distinct microdomains, 
representing unperturbed, strongly interpenetrating macromolecules. 
It is notable that at the theta temperature, To z 313 K, the average 
correlation length &Te) = 109 + 5 A. According to Fujita (1990) and 
Des Cloizeaux and Jan&k (1990)], 

c(To) = R@~3”2 (7) 

at the theta condition, so &To ) = 114 A for MW = 533,000 which 
agrees well with the experimental value. 
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Figure 1 
Rs(T) and c(T) for the solution of PS (Mw=.533,000) in the 0 yolvent CH-d. 

Rg measured over the pressure range 0.1 2P 5 50 MPa. 

Unlike the PSXH system, which may undergo the transition from 
the poor solvent to the theta solvent by adjusting the temperature. the 
solvent quality is much poorer for PS - AC. Nevertheless, the chain 
dimensions of PS in this solvent remain close to the unperturbed 
dimensions for appropriate Mw = R, z 0.27 MW”* and are 
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independent of pressure and temperature and (Metichenko et al., 
* 1998$ Fig. 2 shows the effect of temperature on the thermodynamic 

state of PSIACd. Away from the critical point (T >> Tc), the 
rl concentration fluctuations fall, though they do not decay sufficiently 

to reach {(To) = Rs(0)/31n, so the system never leaves the poor 
solvent domain. The same effect is observed for solutions of PDMS 
in SC CO2 at moderate densities of the supercritical solvent. As is 
seen in Fig. 2, the temperature variation of 5 for PDMSSC CO2 
levels out at some temperature distance from Tc which means SC 

- CO* remains a poor solvent for PDMS at density pco2 < 0.85 g cms3. 
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The correlation length 5 normalized to y(Te) (Eq.7) vs. T - Tc for solutions 
of PS-AC and PDMS-SC COZ (~~02 = 0.84 g/ml). 

SANS has also been used (Melnichenko et al., 1999) to test the 
prediction of Kkn and Sen (1993) that the polymer coils may adopt 
“ideal” configurations, unperturbed by excluded volume effects, at a 
critical “theta pressure” (P&I as they do in polymer solutions at the 
theta temperature. Experiments on PDMS in CO2 (Figs. 3 and 4) 
confum that the 0 condition may be reached at a theta pressure, PO 
-52M MPa at T=343 K and a theta temperature To - 338 K at the 
density of the supercritical solvent pcoz = 0.95 g/ml. It is notable that 
the 0 temperature of PDMS depends crucially on the density of SC 
C02, e.g. it becomes 353 K at pc02 = 0.87 g/ml and can hardly be 
reached for ~~02 < 0.85 g/ml when SC CO1 remains poor solvent at 
all accessible temperatures (see Fig. 2). To the authors’ knowledge, 
this is the first time that the existence of both a “‘theta pressure” and a 
“theta temperature” has been demonstrated and this effect constitutes 
a new concept in the physics of polymer- 
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Figure 3 
Variation of the radius of gyration for PDMS (Mw=22,500) in solution (h+d) 
PDMS in SC CO* vs. pressure at T=343 K. 
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Figure 4 
Variation of the radius of gyration for PDMS (Mw=22,500) in solution (kd) 
PDMS in SC CO* vs. temperature at ~COZ = 0.95 g/ml. 
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Figure 5 
Variation of the correlation length for PDMS (M~22.500) in SC CO1 vs. 
temperature at two different densities of CO2 shown in the inset. 

solvent systems. For P > Po and T > To, the system enters a “good 
solvent” domain where the polymer molecules expand beyond the 
unperturbed Rs, the same way as they do in polymer solutions in 
organic liquids (Cotton et al., 1976). However, for T < To, and P < 
Po, the chains do not collapse (Figs. 3 and 4), as is observed in 
organic solvents. Near T,, the growth of the polymer concentration 
fluctuations brings together the initially diluted chains, which retain 
the unperturbed dimensions, as in highly concentrated systems and in 
the condensed state. Thus, the stabilization of the molecular 
dimensions in the poor solvent domain by diverging concentration 
fluctuations is a universal phenomenon, observed not only in 
“classical” polymer solutions in organic liquids, but also in 
supercritical fluids. This reveals a close similarity between the 
behavior of polymer molecules in organic solvents and in COz. 

A unique attribute of SCFs is that the solvent strength is easily 
tunable with changes in the system density, offering exceptional 
control over the solubility. As it follows from Figs. 3 and 4, 
supercritical polymer solutions may be driven through the 0 
condition as a function of pressure in addition to temperature. 
Understanding the soiubility mechanisms is a necessary condition for 
the.development of COz-based technologies and SANS promises to 
give the same level of insight into polymers and in supercritical 
media that it has provided in the condensed state and organic 
solvents. 
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